Abstract-This paper deals with the problem of precoding, scheduling, and link adaptation in next generation mobile interactive multibeam satellite systems. In contrast to the fixed satellite services, when the user terminals move across the coverage area, additional challenges appear. Due to the time varying channel, the gateway has only access to a delayed version of the channel state information (CSI), which can eventually limit the overall system performance. However, in contrast to general multiuser multiple-input multiple-output terrestrial systems, the CSI degradation in multibeam mobile applications has a very limited impact for typical fading channel and system assumptions. Under realistic conditions, the numerical results show that precoding can offer an attractive gain in the system throughput compared with the conservative frequency reuse allocations.
I. INTRODUCTION
M OBILE interactive satellite services offer global voice and data transmission via low cost user equipment. Because of the user terminal (UT) requirements, its hardware differs from the general high gain antenna employed in fixed services since less directive low profile antennas are required. These services are allocated in the L-band where the signal suffers from a lower pathloss compared to the Ka-Ku satellite transmissions at the expense of a much lower available bandwidth.
With the aim of increasing the satellite capacity in the L-band, higher frequency reuse among beams becomes a very interesting alternative [1] . Indeed, as it occurs in terrestrial systems, increasing the spectral efficiency of a given frequency band can be done via a more aggressive frequency reuse jointly with interference mitigation techniques.
Reducing the multiuser interference can be done either at the transmitter with precoding or at the receiver with multiuser detection techniques. While the latter approach increases the UT complexity, precoding requires the use of resources for feeding back the channel state information (CSI) and additional complexity at the Gateway (GW), which, however, has limited impact on the overall system from an operator perspective. Considering the high gains that precoding obtains in fixed satellite services [2] - [5] compared to the limited gains obtained with multiuser detection in mobile systems [6] , [7] and attending to the pursued low cost UT in mobile systems, we focus on the precoding approach.
As a matter of fact, since precoding substantially relies on how accurately the transmitter knows the CSI, the UT mobility generally decreases the achievable rates with respect to the fixed case [8] . On the other hand, an advantage of mobile systems in L-band is the possibility of using a single GW to feed the total traffic through the satellite. This increases the precoding gain as reported in [9] - [11] .
This paper investigates impact of the outdated CSI in L-band precoded mobile multibeam satellite systems. To the authors' understanding, this is the first time precoding for satellite communication systems is studied in a mobile context. Interestingly, at the time of writing of this analytical paper, a live satellite test of precoding over a mobile satellite network has been reported in [12] . First, this work devises a novel framework for incorporating the effect of mobility in precoded multibeam satellite systems. Bearing in mind the existing delay between the UT and the GW and considering a perfect rate allocation (i. e. the GW optimally assigns the modulation and coding), we evaluate a low complexity closedform linear precoding technique. Due to the particular fading nature of the multibeam satellite channel, only the received signal power is impacted. In addition, we identify that given an arbitrary precoding design and an ideal modulation and coding scheme (MCS) selection, either perfect or delayed reporting of the CSI leads to the same ergodic sum-rate.
Differences between the perfect CSI and the delayed CSI occur when a realistic MCS allocation is performed (i.e. the MCS is based on the delayed CSI version). This performance loss is mainly caused by the outage which is mitigated by adding fixed margins. Although there is a degradation with respect to the perfect CSI case, even with a delayed CSI, precoding offers a significant gain in terms of average throughput. Concretely, when comparing systems with the same transmit power and target outage, precoding is able to deliver a large throughput gain in the unicast transmission case.
When multicast transmission is employed (i.e. each frame contains information addressing more than one user), a user grouping scheme is proposed for fostering user channel vector similarities that are known to increase the attainable sumrates [3] . Although the delayed CSI impacts the scheduling process, we observe a sufficiently high gain for the considered scenarios by using the proposed scheduling algorithm and fixed margins. The gain is high for the case of two users per frame and it decreases when more users per frame are multiplexed.
The rest of the paper is organized as follows. Section II describes the signal and system model of mobile precoded satellite systems. Sections III, IV and V describe the proposed precoding, scheduling and link adaptation for the considered scenario. Section VI evaluates the conceived techniques in a close-to-real scenario. Section VII concludes.
Notation: Throughout this paper, the following notations are adopted. Boldface upper-case letters denote matrices and boldface lower-case letters refer to column vectors. • denotes the Hadamard matrix product.
II. SYSTEM MODEL AND CHANNEL MODEL A. Signal Model
Let us consider a multibeam satellite system where the satellite is equipped with an array fed reflector antenna with a total number of feeds equal to N . These feed signals are combined to generate a beam radiation pattern forming a total number of K beams, which is considered fixed. In each frame we assume multiplexed data from N u users residing in the same beam are multiplexed. This is commonly the approach in satellite standards (like DVB-S2X [13] and BGAN [14] ) in order to achieve high framing efficiencies from statistical multiplexing. It means that within the duration of a frame, the system KN u users are serviced. Considering that all beams radiate in the same frequency band, the received signal at an arbitrary time instant t can be modelled as y(t) [i] = H(t) [i] x(t) + n(t) [i] 
being y(t) [i] ∈ C K×1 the vector containing the received signals of the i-th UT (i.e. the value y(t) [i] k refers to the receive signal of the i-th UT at the k-th beam. Vector n(t) [i] ∈ C
K×1
contains the noise terms of each i-th UT. The entries of this vector are assumed to be Gaussian distributed with zero mean, unit variance and uncorrelated with both the desired signal and the rest of noise entries (i.e. E n(t)
The channel matrix can be described as follows:
where the (k, n)-th entry of matrix H [i] ∈ R K×N can be described as follows
is the distance between the i-th UT at the k-th beam and the satellite. λ is the carrier wavelength, K B is the Boltzmann constant, B W is the carrier bandwidth, G 2 R the UT receive antenna gain, and T R the receiver noise temperature. The term a kn (t) [i] refers to the gain from the n-th feed to the i-th user at the k-th beam. The time varying phase due to beam radiation pattern and the radiowave propagation is represented by ψ k,n (t) [i] . Note that we assumed that all UTs have the same antenna gains and noise figure.
Furthermore, matrix F(t) [i] ∈ C K×N represents multipath fading effects. Avoiding the [i] superscript, the (k, n)-th entry is defined as
for n = 1, . . . , N and k = 1, . . . , K where θ k and α k are the phase and the amplitude due to the fading. The values θ k and α k will be modelled in the next subsection but; it is worth mentioning that they are independent of the feed index n. In other words, a UT observes the same fading from all the feed signals as the slant path is common.
In order to mitigate the interference, precoding is performed so that
where s(t) ∈ C K×1 is a vector that contains the transmitted symbols which we assume uncorrelated and unit norm E s(t)s(t) H = I K . Matrix W(t) ∈ C N ×K is the linear precoding matrix to be designed which also controls the transmit power. Remarkably, every user i = 1, . . . , N u at the k-th beam shall detect [s] k leading to the so-called multigroup multicast transmission. As a matter of fact, W(t) shall be computed based on the available channel matrix estimation at the GW, H(t)
[i] i = 1, . . . , N u , which differs to the channel experienced by the UT, H(t + τ )
[i] i = 1, . . . , N u , where τ denotes the period between the time instant that a UT estimates its CSI (i.e. it estimates a vector of complex channel gains) and the time instant the precoding matrix that is calculated based on this CSI is applied on the UT. This delay is assumed to be the same for all UTs.
The system sum-rate is defined as
where SINR
k is the signal-to-noise-plus-interference ratio (SINR) of the i-th user at the k-th beam defined as
where the time dependence has been omitted and h [i] ,H k and w k are the k-th row and k-th column of H [i] and W respectively. Note that since we are considering a multicast transmission, the achievable data rate at each frame is determined by the data rate of the user with lowest SINR from the N u users encapsulated in the frame.
In light of the above description, the SINR depends on the choice of the users (composition of H) and the next section details the assumptions behind this composition.
B. Architecture and Assumptions
Prior to performing the precoding operation, the transmitter shall select the users to be served at each beam through a scheduling algorithm. Then, the most suitable modulation and coding scheme for each frame is selected. Indeed, the precoding matrix is computed based on the selected users and it is applied at the granularity of individual frames. All these operations are assumed to be performed at the GW as depicted in Figure 1 . In our work, at the GW it is essential that the scheduling is performed before the precoding matrix computation as this operation requires the channel vectors of the selected users. In addition, the MCS operation shall be done after the precoding computation as the resulting SINR depends on the precoding design.
Bearing this in mind, the transmission performance is subject to the accuracy of the UTs CSI feedback. In particular, the overall performance depends on the feedback delay τ : the shorter τ leads to a precise CSI at the transmitter (i.e. H(t + τ ) ≈ H(t)). We discuss the value of this critical parameter in the following.
This lag τ has the following contributions: 1) Propagation time to send back the CSI through the geostationary (GEO) satellite to the GW. Considering the speed of light and two times the distance between Earth and the satellite, this contribution becomes 250 ms.
2) The time it takes the GW to calculate the precoding matrix based on the received. This is assumed to be 100 ms.
3) The propagation time to transmit the signals from the GW through the satellite to the UT. Similar to 1), we assume this contribution is 250 ms. 4) The UT processing time is assumed to be 100 ms. In light of the above, we shall consider an approximate value of τ equal to 700 ms.
Given this τ , we can refine the channel modelling in (2). The variation in a kn (t) can potentially have detrimental effects on precoding. However, the amplitude of any given satellite antenna pattern will remain relatively constant for hundreds of meters since a beam has a radius of hundreds of kilometers. For example, if the antenna pattern spatial coherence length is 200 meters (each spot beam has radius of few hundred kilometers), then the UT will need to move faster than 200 meters over τ leading to a velocity of 2570 km/h in order to have an impact on the precoding performance. This high speed value is not attained by a commercial satellite UT.
The same reasoning can be applied to ψ k,n which we will assume as constant over the delay τ . Moreover, the slant path variations due to the mobility of the UT, can be considered negligible due to the very long Earth-space distance.
Mathematically,
Consequently, the only effect that can tentatively impact the precoding performance is the fading F. We describe its modelling in the following sub-section.
C. Fading Modelling
In this sub-section, the channel model used in this contribution is presented. The operating frequency is assumed at L, S bands and so the effects considered in the mobile satellite channel strongly depend on the local environment at the UT [15] .
For the land mobile channel, various fading distributions have been identified for modelling the signal envelope statistics such as the Rice, Rayleigh, Loo, Suzuki or Corazza-Vatalaro models [16] . Moreover, it has been recently shown that also Inverse Gaussian distribution can model large scale effects for a tree shadowing environment [17] .
In mobile satellite systems at L-band with relatively low speed UT allowing for some degree of antenna directivity, the Rice distribution is a good approximation of the channel fading. In this case, signal propagation is affected by a great number of scatterers in the vicinity of the UT. In most approaches, the effect of these scatterers is modelled through 
where X(t) and Y (t) are Gaussian random variables with zero mean and variance σ 2 which is associated to the multipath strength.
In these type of systems, it is further assumed that a direct signal in Line-of-Sight (LoS) conditions between the ground station and the satellite is also received in addition to signals reflected off the scatterers; otherwise establishing a link is very challenging. Assuming that the amplitude of direct signal is ξ, the received signal can be described as
so that r(t) = α k (t)e j(θ k (t)) . Given (11), the probability density function (PDF) of the magnitude of the received envelope, |r|, follows the Rice distribution
where I 0 (·) is the modified Bessel function of first kind and zero order. In the Ricean channel, the κ-factor is also defined which gives the Carrier-to-Multipath ratio (C/M ). The κ-factor in linear terms is
while in dB is κ dB = 10 log(κ). However, in our scenario the mobility of the terminal on ground follows dynamic variations due to Doppler effects. These Doppler effects can be obtained by filtering r(t) through an appropriate filter. In this work, the Doppler spread on the received envelope is modelled using a Butterworth filter. The general expression for the frequency response of a Butteworth filter of order o B is given by
where f c is the cut-off frequency. For the current study, denoting the mobile speed as υ m , the maximum Doppler shift is f m = υ m /λ. The Butterworth filter is implemented with a 3-dB attenuation at 0.9 f m and 100 dB attenuation at 3 f m [18] . For the scenarios considered in this study, the following channel characteristics are described in Table I . Under this context, the fading time variability might impact the precoding operation. This is evaluated in the next Section.
III. PRECODING IN MOBILE SATELLITE SYSTEMS A. Outdated CSI Effect
Avoiding again the superscript i, let us consider the SINR of a user located at the k-th beam which can be written as
whereh H k is the k-th row ofH. From this last mathematical expression we infer different aspects of the mobile satellite systems.
First, since the phase variation equally affects all the feed signals, it does not impact the SINR. Indeed, Note that the effect of the fading amplitude variation α k (t) is common for both the desired portion of the signal power, as well as the interfering part, but does not affect the noise. That means that if the link is highly interference limited, the effect of fading amplitude on precoding will also be negligible. This situation is not expected to happen very often as the signal-to-interference-ratio (SIR) of precoding is usually quite high, whereas the signal-to-noise ratio (SNR) of a mobile satellite system usually constrained.
Further, note that the effect of common fading amplitude variation is different than the effect of automatic gain control (AGC) at the UT receiver. While the latter is also common to all channels, unlike fading, AGC impacts the noise power as well. Therefore, the amplitude effect arising from the AGC is not relevant in the performance of precoding.
Let us further investigate how the SINR varies due to the outdated version of the SINR. Intuitively, the effect of outdated CSI is dictated by α k (t) and α k (t + τ ). Eventually, in case
the SINR will be larger compared to the initial case of having α k (t). Let us formalize this fact mathematically. Let us consider that the transmitter has computed at the time instant t a precoding matrix W(t) based on H(t). At the time instant t + τ , W(t) and H(t) remain the same, but the fading amplitude varies. If we compare the SINR at time instant t+τ to the ideal case where the fading does not present time variability over τ ,
we have that
where ∼ denotes 'identically distributed'. That is, SINR perfect CSI k and SINR k (t) delayed CSI are two random variables with the same probability density function given a fixed precoding matrix W. Note that this result is valid for all three scenarios since α k (t) and α k (t + τ ) are always Ricean distributed with the same κ.
Bearing this in mind, the sum-rate obtained in the delayed CSI case
and the case we have perfect CSI
Remark 2: Given an arbitrary precoding matrix, W, the resulting ergodic sum-rate with perfect CSI is the same as the one with delayed CSI.
In other words, given an arbitrary and fixed precoding matrix W, the sum-rate of a practical system where the transmitter does not have access to perfect CSI but a delayed one, it has the same average value as the one with perfect CSI. Note that the results differs from the general terrestrial case where the channel statistics vary over time. For instance, in MIMO cellular systems it is known that each channel vector entry might randomly vary over the CSI delay time [19] .
We have not investigated the SINR performance considering a specific precoding matrix design; instead, we consider an arbitrary scheme W omitting its dependence on the fading amplitude. In particular, we have considered that W is deterministic during a given time instant. This serves us to understand the expected performance given a precoding matrix instance. Considering the dependence with the fading amplitude over the precoding matrix design would entail a difficult analysis which is out of the scope of the current paper. On the contrary, the next sub-section indicates certain sources of possible degradation on the elected precoding design.
B. Precoder Design
As reported in the previous Section, the fading effect over the multibeam satellite system can be modelled by a fluctuation of the receive signal level (desired and interference signals) over time. Based on previous studies, the minimum mean square error (MMSE) precoding under a simple scaling factor power allocation [20] , [21] offers the best complexityperformance trade-off. MMSE design can be written as
where γ MMSE controls the transmit power and where
The precoding design in (23) generates an equivalent channel matrix H based on the average channel matrix from all N u users simultaneously served.
Regarding the power allocation, we assume that the payload is equipped with flexible multiport amplifiers where the total power is shared among the beams; hence, γ MMSE is set so that
where the sub-index SPC refers to sum-power constraints and P max is the maximum transmit power. Let us observe how the delayed CSI affects the precoding design. The precoding vector of the k-th beam can be written as
where
It can be observed in the precoding vector in (26) that the fading α k does affect the precoding design. Indeed, the tentative fading difference between the current CSI and the delayed CSI, results in a mismatch on the regularization factor,
, and the precoding power control. These imperfections might lead to a decrease of the instantaneous achievable rates of the precoded multibeam satellite system with delayed CSI. On the other hand, when observing the ergodic achievable rates with an instance precoding matrix, they still remain unaltered as reported in Section III.
IV. SCHEDULING
The multicast transmission limits the achievable rates since users with different channel gains are simultaneously served. This is due to the channel vector differences between the N u users served in each beam. In order to solve this problem, the transmitter should smartly select the N u users that have similar channel vectors at a given time instant. Indeed, the more collinear the channel vectors are, the larger achievable rates could be obtained [3] , [5] . Bearing this in mind, we propose the scheduling algorithm in Algorithm 1.
This scheduling mechanism can be done in parallel in the GW for each beam. As described in Algorithm 1 for the k-th beam, we consider the set of users to be set I k . The performance of the scheduling and, thus, the overall precoding system, strongly depends on |I k |, the density of users to be served in a given time instant. The larger |I k |, the more chances the scheduling technique will behave effectively.
The method first randomly chooses a user i ∈ I k and, posteriorly, it selects additional N u − 1 users to be served. These users are selected based on the minimum norm. This is, given the channel vector of the randomly chosen user h [i] k , the scheduling technique selects the N u users from I k − {i} that present the lowest Euclidean distance with respect to h [i] k . Remarkably, in contrast to the sum-rate, in the scheduling operation not only the fading amplitude but also the phase affects the user grouping scheme. Indeed, the value of χ might differ depending on whether the GW has access to perfect CSI or a delayed one.
Algorithm 1 Scheduling for the k-th Beam in Multicast Multibeam Satellite Systems

Data: {h [i]
k } i∈I k All the user channel vectors in the same beam N u : intended number of users to be included in the frame from the same beam.
The transmitter (GW) has to select the most appropriate MCS for each of the frames simultaneously transmitted. This decision is made in every beam based on {SINR
). In the ideal case where {SINR
) is available at the transmitter, the MCS is selected based on
where Π (·) is a piecewise linear function that relates the SINR values with the achievable spectral efficiency. Unfortunately, the transmitter does not know {SINR
due to the CSI delay. This leads to a MCS selection mismatch that might lead to an outage (i.e. the receiver is not able to properly decode the frame). Mathematically, we define the outage function such that
where η k (t) is the SINR threshold obtained via
where Π −1 (·) is the inverse function of Π (·). In case
we have O
[i] k = 0. In order to keep the probability of outage under a certain threshold, a common practise is to use fixed margins [22] - [24] . These backoff values are considered for the MCS election so that where μ k is the margin value. This value shall be computed through extensive numerical simulations for each scenario, N u , precoding power control and P max .
VI. NUMERICAL RESULTS
We simulate the proposed user scheduling, link adaptation and precoding technique based on a multibeam satellite system with N = K = 32. The feed radiation pattern of this system is typical of a multibeam satellite system operating in L-band with global coverage [25] . The rest of the parameters are described in Table II. The baseline scenario uses the same feed radiation pattern as the 4-colour frequency reuse (i.e. adjacent beams operate in disjoint frequency bands in order to minimize the multibeam interference). The proposed precoding method in applied to the full frequency reuse case (FFR Precoding). For MCS we employ a sub-set of the MCSs that ETSI TS 102 744-2-1 standard communication [14] offers. Note that this standard is used as a reference system for mobile interactive narrowband communications. The considered subset of MCS is depicted in Table III where a target packet error rate of 10 −3 is assumed. In all cases we compute the average throughput of the overall multibeam satellite system defined as
over 500 Monte carlo runs. We first show the performance of the conceived techniques in the best case N u = 1. We present the average throughput considering the slow nomadic and maritime low elevation scenarios. We consider all margins, μ k to be identical (μ k = μ) and two arbitrary margin values μ = 0 dB and μ = 5 dB and the case where the GW is able to perform the MCS with perfect CSI. In all results we have considered a delay value rounded to a worse case value of τ = 1 second and the precoding has been computed assuming this delay. Figures 2 and 3 show the outage probability P r{O
k = 1} versus the power per cluster for the slow nomadic and maritime scenario. In both cases, when no margin is used, we observe that the baseline scenario shows a larger outage value compared to the precoding case. However, neither meet practical outage performance targets of a real system. On the other hand, when the fixed margin is applied, similar outage probability results are obtained. That is, both the baseline case and the precoding technique can deal with the outage probability via the use of fixed margins. Note that in both cases the precoding case with fixed margin μ = 5 dB presents an outage very close to zero.
The average throughput is depicted in Figures 4 and 5 . Attending the case where the GW ideally selects the MCS, precoding can offer a large throughput gain in both scenarios. In particular, a 55 % average throughput gain is obtained when the maximum available power per 32 beam cluster is 32 Watts. It is important to remark that this gain is obtained when a Fig. 4 .
Throughput of precoding in full frequency reuse and baseline technique for the slow nomadic scenario. Throughput of precoding in full frequency reuse and baseline technique for the maritime low elevation scenario.
delayed version of the channel matrix is used for computing the precoding matrix.
When the MCS is selected based on a delayed version of the CSI, differences show up. In case no margin is used, we observe a limited gain; in case μ = 5dB, it is shown that the baseline scenario behaves better than the proposed precoding technique.
In light of the above discussion, it is evident that the fixed margin plays an instrumental role in precoded mobile multibeam satellite systems. For a fair comparison between the proposed system and the baseline scenario, we compare the two approaches given a practical target P r{O [i] k = 1} = 0.05 for the slow nomadic mobility model and P r{O [i] k = 1} = 0.1 for the maritime and maritime low elevation cases. Specifically, we compute the margin values μ FFR Precoding , μ Baseline for both the precoded system and the baseline scenario targeting an outage probability and, afterwards, we compute the resulting average throughput. For this evaluation we assume user scheduling is performed over |I k | = 300 tentative users in all cases. This is shown in Figures 6, 7 and 8 for an available transmit power of 64 Watts and N u = 1, 2, 5 and 10. For the cases N u = 2, 5 it is shown that for all mobile environments, the throughput gain is lower compared to the unicast case N u = 1. Still, the throughput gains are high and in particular, we identify a throughput gain of 20 % for the case of 5 users per frame and 40 % for the 2 users per frame. Precoding gain with delayed CSI for the maritime propagation environment. It is important to remark that considering the size of IP packets compared to the size of the frame under consideration (up to 5280 information bits), typically up to 5 users are multiplexed in a single frame. In any case and for the sake of completeness, we compute the throughput for the extreme case of N u = 10. For this case, no gain is observed in average throughput in all three mobile environments and, in particular, for the slow nomadic case we observe a performance decrease. This upper limit helps the system designer to understand the framing requirements of a mobile interactive system employing precoding.
VII. CONCLUSIONS
Precoding for full frequency reuse fixed satellite systems has reached a level of research maturity and is being considered for implementation by operators given the potential gain it offers. This study investigated the use of precoding in full frequency reuse mobile interactive multibeam satellite systems. It involved consolidating the channel models for various mobile scenarios − slow nomadic, maritime and maritime low elevation − spanning the spectrum of terminal speeds. Based on the channel models, the outdated CSI at the transmitter which creates impediments to the use of available precoding techniques, was investigated. Due to the fading nature of satellite communications which equally impacts the desired and interfering signals, it was shown that the precoder matrix is sensitive to the outdated amplitude and not to the phase of the channels. The performance of the precoding technique was evaluated over a mobile L-band type of system and it was shown that the considered scenario does not suffer from a ergodic sum-rate reduction in case a perfect rate allocation is performed and fixed precoding matrix is used. On the contrary, in case the rate allocation is based on a delayed version of the SINR, a sum-rate degradation was observed. Despite this performance loss, the proposed techniques can increase the average throughput given a certain outage target for all considered scenarios. 
